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bstract

Waste printed circuit board (PCB) is increasing worldwide. The corona electrostatic separation (CES) was an effective and environmental
rotection way to recycle resource from waste PCBs. The aim of this paper is to analyze the main factor (rotational speed) that affects the efficiency
f CES from the point of view of electrostatics and mechanics. A quantitative method for analyzing the affection of rotational speed was studied
nd the model for separating flat nonmetal particles in waste PCBs was established. The conception of “charging critical rotational speed” and
detaching critical rotational speed” were presented. Experiments with the waste PCBs verified the theoretical model, and the experimental results

ere in good agreement with the theoretical model. The results indicated that the purity and recycle percentage of materials got a good level when

he rotational speed was about 70 rpm and the critical rotational speed of small particles was higher than big particles. The model can guide the
efinition of operator parameter and the design of CES, which are needed for the development of any new application of the electrostatic separation
ethod.
2007 Elsevier B.V. All rights reserved.
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. Introduction

The production of printed circuit board (PCB) is increasing
orldwide. New technological innovation continues to acceler-

te the replacement of equipment leading to a significant increase
f waste PCBs. Their special physical and chemical character-
stic makes that it is difficult to recycle them. In normal PCBs, it
an be easily found plenty of toxic materials including heavy
etal, PVC plastic, and brominated flame retardants (BFR).
owever, just like the two-sided coin, the scrap PCBs contain
any kinds of metals, which are a rich mine of wealth [1].
The technology of high-voltage has been investigated exten-

ively in the fields of dust precipitation [2,3] and seed sorting [4].
he corona electrostatic separator (CES) was one of the high-
oltage technology and has been applied on mineral separation

nd waste disposal [5–7]. The researchers have successfully used
ES to recycle resources from waste PCBs [8].
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The structural representation of laboratory CES was shown
n Fig. 1. The electric vibratory feeder ensures a monolayer of
ranular material on the surface of the rotating roll. The high-
oltage electrostatic field is generated by corona electrode and
lectrostatic electrode. The metallic particles lost very fast their
harge accrued by ion bombardment, and the charge they carry
s that due to electrostatic induction. The electrostatic induction
as practically no effect on nonmetal particles, which carry the
harge acquired by ion bombardment in the corona discharge
nd are “pinned” by the electric image force to the rotating roll,
nd move with it, finally fall in the hold tanks. The electric field
orces act differently on the two kind of particles, which achieve
he separation goal.

Because the research of corona electrostatic separation
nvolves corona charge, mechanically driven and material prop-
rty, quantitative and profound theory analysis is good for
eveloping and exploiting this technology. Many researchers
ave done large quantity of work on electrode arrangement and

aterial humidity [9,10]. But the study about the electrode rota-

ional speed of rotating roll in the process of separating is not
horough enough. The particles charge, separating efficiency and
urity are affected by the rotational speed. So, the aim of present
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Fig. 1. The structural representational of laboratory roll-type corona electro-
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tatic separator: (1) the feed, (2) the ground roll electrode, (3) the charging field,
4) corona electrode, (5) electrostatic electrode, (6) brush, and (7) holding tanks.

aper is to analyze the impact of rotational speed theoretically
nd validate the theoretical results through corona electrostatic
eparating waste PCBs.

. Theory model

The model is based on the following assumptions: (1) the
aterial was monolayer distributed on the surface of rotating

oll and move with it; (2) the distance between two adjacent
articles is very big and each particle can be approximated by a
aterial point; and (3) particle interaction was neglected.
As shown in Fig. 1, materials were charged in charging field,

uring the process of corona electrostatic separation. The corona
harge equation was [11]:

dQ

dt
= (Q − Qs)2

τQs
(1)

here τ was time delay constant, Qs was particle’s saturated
orona charge value. The initial electric charge of particle was:

(0) = kQQm (2)

here kQ is a coefficient which depends on field non-uniformity
nd corona-discharge current (kQ ≤ 1) [12]. Because the process
f corona charge also includes electrostatic induction charge
13], the induced charge existed. The Qm was nonmetal particle’s
aximum induction charge value when the nonmetal particle

ontacts with rotating roll electrode in the uniform electric field.
hen the nonmetal particle was sphericity, Qm was [14]:

0.55d2πEε0εr

m =

εr + 2
(3)

here ε0 was vacuum dielectric constant and εr was particle’s
ielectric constant. The saturated quantity of corona charge

p
t
j
r
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alue of spherical nonmetal particle was calculated [5]:

s = 12πε0r
2E0εr

εr + 2
(4)

The whole process of charge includes induction charge,
harging neutrality, and corona charge. When nonmetal parti-
le came into the electric field, it was inducted to the positive
harge (Qm). Because the corona electrode was negative elec-
rode, the surface positive charge of particle was neutralized and
ecame negative saturated charge (Qs). When the particle got
5% of maximum charge value, the delay time was probably
ve times of charge delay time constant [5].

s = 5τ = 20ε0εr

qk
(5)

here q was space charging density, k was ion mobility and
= 2 × 10−4 m2/(V s). The time of nonmetal particle cost in
harging field can be computed as follows:

gs = 60e

2πRn
(6)

here e was the width of charging field on the surface of rotating
oll electrode, R was the radius of rotating roll electrode, n was
he rotational speed of rotating roll electrode. When tgs > ts, par-
icle’s charge value reached saturated value, then the rotational
peed met:

< n∗, n∗ = 3(qke)

2(πε0εrR)
(7)

here n* was charging critical rotational speed, the charging
ensity q can be computed:

= J

Ek
(8)

here J was the electric current density on the surface of rotating
oll electrode and can be computed:

= I

eL
(9)

here I was the corona current and L was the length of corona
ire. The current–voltage characteristic of corona discharge for
ifferent gaps was shown in Fig. 2. Fig. 3 shows the distribution
f electric field (without space charges) at the surface of rotating
oll electrode which was computed by the software of MATLAB
15]. The research of Jaiswal [16] found that the electric field
t the surface of rotating roll electrode with space charge was
–3 times stronger than the electric field without space charge.
n this paper the modified coefficient of electric field was two.
he charging rotational speed n* can be computed from (6)–(9)
nd Figs. 2 and 3. When discharge gaps s = 96 mm, applied volt-
ges were 20 kV and 25 kV, the values of n* were 43.9 rpm and
2.4 rpm separately. If rotational speed was bigger than n*, the

article could not get saturated quantity of charge, cause the
ime cost in charging filed was too short. Then the Eq. (7) could
udge if the particle gets saturated quantity of charge on special
otational speed.
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Fig. 2. Current–voltage characteristics of corona discharge for small gaps at
negative polarity, (s was the discharge gaps between corona wire and the surface
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f rotating roll electrode) R = 114 mm, corona electrode was wire type, the radius
f wire was 0.3 mm.

Most of nonmetal particles were flat, not spherical and the
harging value of the particle was correlated with its surface
rea. The surface equivalent diameter (ds) was used. The flat
article’s ds was:

s =
√

Sp

π
=
√

r2 + 2rh (10)

here r was the big surface radius of flat particle and h was
he thickness of flat particle. The ds of flat particle substituted
o diameter of spherical in (4). Then the saturated quantity of
orona charge value of flat nonmetal particle was:

s = 3πε0(r2 + 2rh)E0εr

εr + 2
(11)

During the process of corona electrostatic separation, the
ravitational force (G), centrifugal force (Fw) and image force

Fi) were applying to the nonmetal particle. As shown in Fig. 4,
oint A was the most probable detaching position from the rotat-
ng roll electrode for nonmetal particle. At point A, the particle

ig. 3. Distribution of electric field at the surface of rotating roll electrode, for
ischarge gaps s = 96 mm at negative polarity; R = 114 mm, corona electrode was
ire type, the radius of wire was 0.3 mm; applying the software: Ansys.
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ig. 4. Force acting on a charged nonmetal particle at the surface of the rotating
oll electrode.

as detaching from rotating roll electrode when:

w + G = Fi (12)

It is assumed that the particle gets the saturated quantity of
orona charge value and with little charge loss. The loss coef-
cient is named k1 and it is related to electrical conductivity of
article and rotational speed of rotating roll. In this paper, k1 is
ssumed to 0.85, the Fi and Fw can be computed to:

Fi = Q2
s

4πε0h2 = BC

B = 9k1πε0ε
2
r E

2
0

(εr + 2)2

C = (r2 + 2rh)
2

4h2

(13)

w = m
(nπ

30

)2
R (14)

From (12)–(14), the detaching critical rotational speed of flat
onmetal particle is:

′ =
(

BC

mR
− g

R

)1/2 30

π
(15)

As shown in Figs. 1 and 4, the critical rotational speed of rotat-
ng roll electrode (N) was the speed which ensures the nonmetal
article passes the point A. The situation of nonmetal particle’s
harge value can be sorted to two kinds.

(i) n = n′ ≤ n*, the particle gets the saturated quantity of corona
charge value, the N was:

′
(

BC g
)1/2 30
N = n =
mR

−
R π

(16)

ii) n = n′ > n*, the particle does not get the saturated quantity of
corona charge value, but only n*/n′ Qs. Then from (12)–(16),



334 J. Li et al. / Journal of Hazardous M

F
r

r
a
t
h
c
f

3

[
i
p
T
a
F
c
o
b
a
1
t
o

w
m
p

4

ig. 5. Calculation relationship curve of critical rotational speed and particle
adius.

we have:

F ′
i = Q2

s

4πε0h2

(
n∗

n′

)2

=
( π

30

)2 mRBC(n∗)2

BC − mg
(17)

N =
(

BC(n∗)2

BC − mg
− g

R

(
30

π

)2
)1/2

(18)
From (16) and (18), the N is affected by the particle’s
adius, the particle’s density, the particle’s dielectric constant
nd applied voltage etc. The nonmetal particles were flat par-
icles, the relation of thickness (h) and plan radius (r) was:
= (1/3)r. Then from (16) and (18), the relationship of criti-
al rotational speed of rotating roll electrode and particle radius
or flat particles was shown in Fig. 5.

−
i
w
h
w
d

Fig. 6. The scraped waste p
aterials 154 (2008) 331–336

. Materials and experiments

The materials used in this study were scraped waste PCBs
8], as shown in Fig. 6. The mass density of nonmetal particles
s 2000 kg/m3 and the relative dielectric constant of nonmetal
articles (εr) was 3.0. The particle size was −1.0 + 0.075 mm.
he experiments proceed under the different rotational speeds
nd the applied voltages were 20 kV and 25 kV. As shown in
ig. 1, the No. 1 tank collected metal particles; the No. 5 tank
ollected nonmetal particles; No. 2–4 tanks collected the mixture
f metal and nonmetal particles. The mixture can be separated
y the CES again and again to obtain the mass of metal particles
nd nonmetal particles. The purities of metal particles wm in No.
tank and nonmetal particles wn in No. 5 tank were measured by

he solution quantity with aqua regia [8]. The recycle percentages
f metal (rm) and nonmetal (rn) particles were:

rm = Q1wm

Sm

rn = Q5wn

Sn

(19)

here Q1 was the mass of materials in No. 1 tank, Q5 was the
ass of materials in No. 5 tank, Sm was the total mass of metals

articles and Sn was the total mass of nonmetal particles.

. Results and discussion

The separation results of particles with the size of
0.4 + 0.3 mm and the applied voltage of 20 kV were shown

n Fig. 7. The distribution of nonmetal particles in hold tanks

as shown in Fig. 7(a) and the distribution of metal particles in
old tanks was shown in Fig. 7(b). When the rotational speed
as 70 rpm, the nonmetal particles in No. 5 hold tank decreased
ramatically and the materials in No. 2 hold tank increased.

rinted circuit boards.
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ig. 7. The separation results for particles −0.4 + 0.3 mm: (a) the distribution
ercentage of nonmetal particles, and (d) purity and recycle percentage of meta

ig. 7(c) and (d) showed the purity and recycle percentage of
onmetal particles and metal particles individually under the dif-
erent rotational speeds. When the rotational speed increased, the
ecycle percentage of metal particles and the purity of nonmetal
articles were increased, but the recycle percentage of nonmetal
articles and the purity of metal particles were decreased. As
hown in Fig. 7, the purity and recycle percentage of mate-

ials got a good level when the rotational speed was about
0 rpm.

The experimental results of critical rotational speed of non-
etal particles with the size of −1.0 + 0.075 mm were shown in

c
f
b
t

Fig. 8. Experimental relationship curve of critical rotational sp
nmetal particles, (b) the distribution of metal particles, (c) purity and recycle
cles.

ig. 8. The experimental results have a good agreement with the
heoretical results. The critical rotational speed of small parti-
les was higher than big particles, as shown in Fig. 8. Because
he specific area of small nonmetal particles is big, their relative
harging values are high. Increasing the rotational speed can
ake the metal particles detaching from rotating roll electrode

asier. Although the charging value cannot reach the saturated

harging value (Qs), the nonmetal particles can adhere on the sur-
ace of rotating roll electrode for their big specific areas. To the
ig particles, their specific areas are relative small. The charging
ime and the rotational speed must be limited for the nonmetal

eed and particle radius: (a) U = 20 kV and (b) U = 25 kV.
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articles get the saturated charging value (Qs) and adhere on the
urface of rotating roll electrode.

From above discussion, the purity and recycle percentages
ere not simultaneous improved. For example, when rota-

ional speed was increased, metal particles’ recycle percentage
ncreased but purity decreased. To increase the detaching crit-
cal rotational speed (n′) can settle this problem. Then the

ethod of increasing n′ are: (1) increasing the number of corona
lectrodes, width of corona field and electric field strength to
ncrease the charging critical rotational speed (n*); (2) under the
remise of avoiding spark discharge, increasing applied volt-
ge and decreasing discharge gap to increase corona electric
eld strength and charging value of particles; and (3) changing

he curvature of rotating roll electrode and position of corona
lectrodes to decease the loss of charge value on the surface
f rotating roll electrode. A quantitative method for analyzing
he affection of rotational speed was studied in this paper. The
educed equations are applicable for general flat nonmetal par-
icles. This method can be used in waste treatment and industrial

ineral separation.

. Conclusions

1) A quantitative method for analyzing the affection of rota-
tional speed was established.

2) The judgment equation of charging critical rotational speed
(n*) was deduced: n* = (qske)/(40πε0εrR)

3) The judgment equation of critical rotational speed of rotat-
ing roll electrode (N) was deduced:

(i) n = n′ ≤ n∗, N = n′ = (BC
mR

− g
R

)1/2 30
π

;

(ii) n = n′ > n∗, N =
(

BC(n∗)2

BC−mg
− g

R

(
30
π

)2
)1/2

;

B = 9k1πε0ε
2
r E

2
0

(εr + 2)2 , C = (r2 + 2rh)
2

4h2 .

4) Analyze the relationship between critical rotational speed
and radius of particles. The purity and recycle percentage
of materials got a good level when the rotational speed
was about 70 rpm. The experimental results have a good
agreement with theoretical computed results.
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